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We experimentally investigate spin-orbit torques and spin pumping in NiFe/Pt bilayers with direct
and interrupted interfaces. The damping-like and field-like torques are simultaneously measured with
spin-torque ferromagnetic resonance tuned by a dc bias current, whereas spin pumping is measured
electrically through the inverse spin Hall effect using a microwave cavity. Insertion of an atomically
thin Cu dusting layer at the interface reduces the damping-like torque, field-like torque, and spin
pumping by nearly the same factor of ≈1.4. This finding confirms that the observed spin-orbit
torques predominantly arise from diffusive transport of spin current generated by the spin Hall
effect. We also find that spin-current scattering at the NiFe/Pt interface contributes to additional
enhancement in magnetization damping that is distinct from spin pumping.
I. INTRODUCTION
Current-induced torques due to spin-orbit effects1–3
potentially allow for more efficient control of magnetiza-
tion than the conventional spin-transfer torques4,5. The
spin Hall effect6 is reported to be the dominant source
of spin-orbit torques in thin-film bilayers consisting of a
ferromagnet (FM) interfaced with a normal metal (NM)
with strong spin-orbit coupling. Of particular techno-
logical interest is the spin-Hall “damping-like” torque
that induces magnetization switching7–10, domain-wall
motion11–14, and high-frequency magnetization dynam-
ics15–20. While this spin-Hall torque originates from
spin-current generation within the bulk of the NM layer,
the magnitude of the torque depends on the transmis-
sion of spin current across the FM/NM interface3. Some
FM/NM bilayers with ∼1-nm thick FM exhibit another
spin-orbit torque that is phenomenologically identical
to a torque from an external magnetic field21–28. This
“field-like” torque is also interface-dependent, because it
may emerge from the Rashba effect at the FM/NM in-
terface2, or the nonadiabaticity4 of spin-Hall-generated
spin current transmitted across the interface3,23–25.
To understand the influence of the FM/NM inter-
face on magnetization dynamics, many studies have ex-
perimentally investigated resonance-driven spin pumping
from FM to NM29,30, detected with enhanced damp-
ing31–35 or dc voltage due to the inverse spin Hall ef-
fect36–45. The parameter governing spin-current trans-
mission across the FM/NM interface is the spin-mixing
conductance G↑↓ (Ref. 46). Simultaneously investigat-
ing spin pumping and spin-orbit torques, which are the-
oretically reciprocal effects5, should reveal the interface
dependence of the observed torques in FM/NM.
Here we investigate spin-orbit torques and magnetic
resonance in in-plane magnetized NiFe/Pt bilayers with
direct and interrupted interfaces. To modify the NiFe/Pt
interface, we insert an atomically thin dusting layer of
Cu that does not exhibit strong spin-orbit effects by it-
self. We use spin-torque ferromagnetic resonance (ST-
FMR)47,48 combined with dc bias current to extract the
damping-like and field-like torques simultaneously. We
also independently measure the dc voltage generated by
spin pumping across the FM/NM interface. The interfa-
cial dusting reduces the damping-like torque, field-like
torque, and spin pumping by the same factor. This
finding is consistent with the diffusive spin-Hall mech-
anism3,32 of spin-orbit torques, where spin transfer be-
tween NM and FM depends on the interfacial spin-mixing
conductance.
II. EXPERIMENTAL DETAILS
A. Samples
The two film stacks compared in this study are
sub/Ta(3)/Ni80Fe20(2.5)/Pt(4) (“NiFe/Pt”) and
sub/Ta(3)/Ni80Fe20(2.5)/Cu(0.5)/Pt(4) (“NiFe/Cu/Pt”),
where the numbers in parentheses are nominal layer
thicknesses in nm and sub is a Si(001) substrate with
a 50-nm thick SiO2 overlayer. All layers were sputter-
deposited at an Ar pressure of 3 × 10−3 Torr with a
background pressure of <∼1×10−7 Torr. The atomically
thin dusting layer of Cu modifies the NiFe/Pt interface
with minimal current shunting. The Ta seed layer fa-
cilitates the growth of thin NiFe with narrow resonance
linewidth and near-bulk saturation magnetization31,33.
We measured the saturation magnetization Ms =
(5.8± 0.4)× 105 A/m for both NiFe/Pt and NiFe/Cu/Pt
with vibrating sample magnetometry. From four-point
measurements on various film stacks and assuming that
individual constituent layers are parallel resistors, we es-
timate the resistivities of Ta(3), NiFe(2.5), Cu(0.5), and
Pt(4) to be 240 µΩcm, 90 µΩcm, 60 µΩcm, and 40 µΩcm,
respectively. Approximately 70% of the charge current
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Figure 1. (a) Schematic of the dc-tuned spin-torque ferromagnetic resonance (ST-FMR) setup and the symmetry of torques
acting on the magnetization m. Through spin-orbit effects, the charge current in the normal metal generates two torques:
damping-like torque (DLT) and field-like torque (FLT). (b,c) ST-FMR spectra of NiFe/Pt at different frequencies (b) and dc
bias currents (c).
thus flows in the Pt layer. In the subsequent analysis, we
also include the small damping-like torque and the Oer-
sted field from the highly resistive Ta layer (see Appendix
A).
B. Spin-torque ferromagnetic resonance
We fabricated 5-µm wide, 25-µm long microstrips of
NiFe/Pt and NiFe/Cu/Pt with Cr/Au ground-signal-
ground electrodes using photolithography and liftoff. We
probed magnetization dynamics in the microstrips using
ST-FMR (Refs. 47, 48) as illustrated in Fig. 1(a): an
rf current drives resonant precession of magnetization in
the bilayer, and the rectified anisotropic magnetoresis-
tance voltage generates an FMR spectrum. The rf cur-
rent power output was +8 dBm and modulated with a
frequency of 437 Hz to detect the rectified voltage using a
lock-in amplifier. The ST-FMR spectrum (e.g., Fig. 1(b))
was acquired at a fixed rf driving frequency by sweeping
an in-plane magnetic field |µ0H | < 80 mT applied at an
angle |φ| = 45◦ from the current axis. The rectified volt-
age Vmix constituting the ST-FMR spectrum is fit to a
Lorentzian curve of the form
Vmix =S
W 2
(µ0H − µ0HFMR)2 +W 2
+A
W (µ0H − µ0HFMR)
(µ0H − µ0HFMR)2 +W 2 ,
(1)
where W is the half-width-at-half-maximum resonance
linewidth, HFMR is the resonance field, S is the sym-
metric Lorentzian coefficient, and A is the antisymmetric
Lorentzian coefficient. Representative fits are shown in
Fig. 1(c).
The lineshape of the ST-FMR spectrum, parameter-
ized by the ratio of S to A in Eq. 1, has been used
to evaluate the ratio of the damping-like torque to the
net effective field from the Oersted field and field-like
torque26,48–52. To decouple the damping-like torque from
the field-like torque, the magnitude of the rf current in
the bilayer would need to be known48,51. Other contribu-
tions to Vmix (Refs. 53–55) may also affect the analysis
based on the ST-FMR lineshape.
We use a modified approach where an additional dc
bias current Idc in the bilayer, illustrated in Fig. 1(a),
transforms the ST-FMR spectrum as shown in Fig. 1(c).
A high-impedance current source outputs Idc, and we re-
strict |Idc| ≤ 2 mA (equivalent to the current density
in Pt |Jc,Pt| < 1011 A/m2) to minimize Joule heating
and nonlinear dynamics. The dependence of the reso-
nance linewidth W on Idc allows for quantification of the
damping-like torque48,54–60, while the change in the reso-
nance field HFMR yields a direct measure of the field-like
torque52. Thus, dc-tuned ST-FMR quantifies both spin-
orbit torque contributions.
C. Electrical detection of spin pumping
The inverse spin Hall voltage VISH due to spin pump-
ing was measured in 100-µm wide, 1500-µm long strips
of NiFe/Pt and NiFe/Cu/Pt with Cr/Au electrodes at-
tached on both ends, similar to the sub-mm wide strips
used in Ref. 60. These NiFe/(Cu/)Pt strips were fabri-
cated on the same substrate as the ST-FMR device sets
described in Sec. II B. The sample was placed in the cen-
ter of a rectangular TE102 microwave cavity operated at
a fixed rf excitation frequency of 9.55 GHz and rf power
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Figure 2. (a) Schematic of the dc spin-pumping (inverse spin Hall effect) voltage measurement. (b) Representative dc voltage
spectrum. The inverse spin Hall signal VISH dominates the anomalous Hall effect signal VAHE.
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Figure 3. (a) Resonance linewidth W versus frequency f at different dc bias currents. (b,c) Resonance field HFMR versus
frequency f at different dc-bias currents for NiFe/Pt (b) and NiFe/Cu/Pt (c).
of 100 mW. A bias field H was applied within the film
plane and transverse to the long axis of the strip. The
dc voltage Vdc across the sample was measured using a
nanovoltmeter while sweeping the field, as illustrated in
Fig. 2(a). The acquired Vdc spectrum is fit to Eq. 1 as
shown by a representative result in Fig. 2(b). The inverse
spin Hall voltage is defined as the amplitude of the sym-
metric Lorentzian coefficient S in Eq. 1 (Refs. 38–41, 44).
We note that the antisymmetric Lorentzian coefficient is
substantially smaller, indicating that the voltage signal
from the inverse spin Hall effect dominates over that from
the anomalous Hall effect.
III. RESULTS AND ANALYSIS
A. Magnetic resonance properties
Fig. 3(a) shows the plot of the ST-FMR linewidth W
as a function of frequency f for NiFe/Pt and NiFe/Cu/Pt
at Idc = 0 and ±2 mA. The Gilbert damping parameter
α is calculated for each sample in Fig. 3(a) from
W =W0 +
2piα
|γ| f, (2)
where W0 is the inhomogeneous linewidth broadening, f
is the frequency, and γ is the gyromagnetic ratio. With
the Lande´ g-factor gL = 2.10 for NiFe (Refs. 31, 33, 42,
61), |γ|/2pi =(28.0 GHz/T)·(gL/2) = 29.4 GHz/T. From
the slope in Fig. 3(a) at Idc = 0, α = 0.043 ± 0.001 for
NiFe/Pt and α = 0.027 ± 0.001 for NiFe/Cu/Pt. The
reduction in damping with interfacial Cu-dusting is con-
sistent with prior studies on FM/Pt with nm-thick Cu
insertion layers31,33,35,42,44.
A fit ofHFMR versus frequency at Idc = 0 to the Kittel
equation
µ0HFMR =
1
2
(
−µ0Meff +
√
(µ0Meff )2 + 4(f/γ)2
)
− µ0Hk + µ0∆HFMR(Idc),
(3)
shown in Figs. 3(b),(c), gives the effective magnetiza-
tion Meff = 5.6 × 105 A/m for NiFe/Pt and 5.9 × 105
A/m for NiFe/Cu/Pt, with the in-plane anisotropy field
|µ0Hk| < 1 mT. Meff and Ms are indistinguishable
within experimental uncertainty, implying negligible per-
pendicular magnetic anisotropy in NiFe/(Cu/)Pt.
When Idc 6= 0, the linewidth W is reduced for one cur-
rent polarity and enhanced for the opposite polarity, as
shown in Fig. 3(a). The empirical damping parameter de-
fined by Eq. 2 changes with Idc (see Appendix B), which
indicates the presence of a current-induced damping-like
torque. Similarly, Idc 6= 0 generates an Oersted field and
a spin-orbit field-like torque that together shift the reso-
nance field HFMR as shown in Figs. 3(b),(c). We discuss
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Figure 4. (a) Resonance linewidth W versus dc bias current Idc at f = 5 GHz. (b) Effective spin Hall angle θDL calculated at
several frequencies.
the quantification of the damping-like torque in Sec. III B
and the field-like torque in Sec. III E.
B. Damping-like torque
Fig. 4(a) shows the linear change in W as a function
of Idc at a fixed rf frequency of 5 GHz. Reversing the
external field (from φ = 45◦ to -135◦) magnetizes the
sample in the opposite direction and reverses the polarity
of the damping-like torque.
W is related to the current-dependent effective
damping parameter αeff at fixed f , αeff =
|γ|/(2pif)(W − W0). The magnitude of the damping-
like torque is parameterized by the effective spin Hall
angle θDL, proportional to the ratio of the spin current
density Js crossing the FM/NM interface to the charge
current density Jc in Pt. θDL at each frequency, plot-
ted in Fig. 4(b), is calculated from the Idc dependence of
αeff (Refs. 48, 62):
|θDL| = 2|e|
~
(
HFMR +
Meff
2
)
µ0MstF
| sinφ|
∣∣∣∣∆αeff∆Jc
∣∣∣∣ , (4)
where tF is the FM thickness. Assuming that the effec-
tive spin Hall angle is independent of frequency, we find
θDL = 0.087±0.007 for NiFe/Pt and θDL = 0.062±0.005
for NiFe/Cu/Pt. These values are similar to recently re-
ported θDL in NiFe/Pt bilayers
39,42,48,51,54–56,59.
θDL of NiFe/(Cu/)Pt is related to the intrinsic spin
Hall angle θSH of Pt through the spin diffusion theory
used in Refs. 3, 32. For a Pt layer much thicker than its
spin diffusion length λPt, θDL is proportional to the real
part of the effective spin-mixing conductance Geff↑↓ ,
θDL =
2Re[Geff↑↓ ]
σPt/λPt
θSH , (5)
where σPt is the conductivity of the Pt layer and
Geff↑↓ = G↑↓(σPt/λPt)/(2G↑↓ + σPt/λPt) includes the
spin-current backflow factor30,32. Assuming that λPt,
σPt, and θSH in Eq. 5 are independent of the interfa-
cial Cu dusting layer, Geff↑↓ is a factor of 1.4±0.2 greater
for NiFe/Pt than NiFe/Cu/Pt based on the values of θDL
found above.
C. Reciprocity of damping-like torque and spin
pumping
Fig. 5 shows representative results of the dc inverse
spin Hall voltage induced by spin pumping, each fitted to
the Loretzian curve defined by Eq. 1. Reversing the bias
field reverses the moment orientation of the pumped spin
current and thus inverts the polarity of VISH , consistent
with the mechanism of the inverse spin Hall effect. By
averaging measurements at opposite bias field polarities
for different samples, we find |VISH | = 1.5 ± 0.2 µV for
NiFe/Pt and |VISH | = 2.6± 0.2 µV for NiFe/Cu/Pt.
The inverse spin Hall voltage VISH is given by
38
|VISH | = h|e|G
eff
↑↓ |θSH |λPt tanh
(
tPt
2λPt
)
fRsLP
(
γhrf
2αω
)2
,
(6)
where Rs is the sheet resistance of the sample, L is the
length of the sample, P is the ellipticity parameter of
magnetization precession, and hrf is the amplitude of
the microwave excitation field. The factor γhrf/2αω is
equal to the precession cone angle at resonance in the
linear (small angle) regime. By collecting all the factors
in Eq. 6 that are identical for NiFe/Pt and NiFe/Cu/Pt
into a single coefficient CISH , Eq. 6 is rewritten as
|VISH | = CISH
RsG
eff
↑↓
α2
. (7)
We note that the small difference in Meff for NiFe/Pt
and NiFe/Cu/Pt yields a difference in P (Eq. 6) of ∼1%,
which we neglect here.
From Eq. 7, we estimate that Geff↑↓ of the NiFe/Pt
interface is greater than that of the NiFe/Cu/Pt inter-
face by a factor of 1.4 ± 0.2. The dc-tuned ST-FMR
and dc spin-pumping voltage measurements therefore
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Figure 5. (a,b) dc voltage Vdc spectra, dominated by the inverse spin Hall voltage VSH , measured around resonance in NiFe/Pt
(a) and NiFe/Cu/Pt (b).
yield quantitatively consistent results, confirming the
reciprocity between the damping-like torque (driven by
the direct spin Hall effect) and spin pumping (detected
with the inverse spin Hall effect). The fact that the diffu-
sive model captures the observations supports the spin-
Hall mechanism leading to the damping-like torque.
D. Interfacial damping and spin-current
transmission
Provided that the enhanced damping α in
NiFe/(Cu/)Pt (Fig. 3(a)) is entirely due to spin
pumping into the Pt layer, the real part of the interfacial
spin-mixing conductance can be calculated by
Re[Geff↑↓ ] =
2e2MstF
~2|γ| (α− α0). (8)
Using α0 = 0.011 measured for a reference film stack
sub/Ta(3)/NiFe(2.5)/Cu(2.5)/TaOx(1.5) with negligible
spin pumping into the top NM layer of Cu, we obtain
Re[Geff↑↓ ] = (11.6± 0.9)× 1014 Ω−1m−2 for NiFe/Pt and
(5.8±0.5)×1014 Ω−1m−2 for NiFe/Cu/Pt. This factor of
2 difference for the two interfaces is significantly greater
than the factor of ≈1.4 determined from dc-tuned ST-
FMR (Sec. III B) and electrically detected spin pumping
(Sec. III C). This discrepancy implies that the magnitude
of Re[Geff↑↓ ] of NiFe/Pt calculated from enhanced damp-
ing is higher than that calculated for spin injection.
In addition to spin pumping, interfacial scattering ef-
fects44,63–65, e.g., due to proximity-induced magnetiza-
tion in Pt13,35,66 or spin-orbit phenomena at the NiFe/Pt
interface67, may contribute to both stronger damping
and lower spin injection in NiFe/Pt. Assuming that this
interfacial scattering is suppressed by the Cu dusting
layer, ≈0.010 of α in NiFe/Pt is not accounted for by
spin pumping. The corrected Re[Geff↑↓ ] for NiFe/Pt is
(8.1 ± 1.2) × 1014 Ω−1m−2, which is in excellent agree-
ment with Re[Geff↑↓ ] calculated from first principles
65.
Using Geff↑↓ quantified above and assuming λPt ≈ 1
nm26,32,33,43,49–51,54,55, the intrinsic spin Hall angle θSH
of Pt and the spin-current transmissivity T = θDL/θSH
across the FM/NM interface can be estimated. We ob-
tain θSH ≈ 0.15, and T ≈ 0.6 for NiFe/Pt and T ≈ 0.4
for NiFe/Cu/Pt. These results, in line with a recent
report26, indicate that the damping-like torque (pro-
portional to θDL) may be increased by engineering the
FM/NM interface, i.e., by increasing Geff↑↓ . For prac-
tical applications, the threshold charge current density
required for switching or self-oscillation of the magneti-
zation is proportional to the ratio α/θDL. Because of the
reciprocity of the damping-like torque and spin pumping,
increasing Geff↑↓ would also increase α such that it would
cancel the benefit of enhancing θDL. Nevertheless, al-
though spin pumping inevitably increases damping, opti-
mal interfacial engineering might minimize damping from
interfacial spin-current scattering while maintaining effi-
cient spin-current transmission across the FM/NM inter-
face.
E. Field-like torque
We now quantify the field-like torque from the dc-
induced shift in the resonance field HFMR, derived from
the fit to Eq. 3, as shown in Figs. 3(b),(c). Meff is
fixed at its zero-current value so that ∆HFMR is the
only free parameter68. Fig. 6 shows the net current-
induced effective field, which is equivalent to
√
2∆HFMR
in our experimental geometry with the external field ap-
plied 45◦ from the current axis. The solid lines show
the expected Oersted field µ0HOe ≈ 0.08 mT per mA
for both NiFe/Pt and NiFe/Cu/Pt based on the esti-
mated charge current densities in the NM layers, HOe =
1
2
(Jc,PttPt+Jc,CutCu−Jc,TatTa), where the contribution
from the Pt layer dominates by a factor of >6.
While the polarity of the shift in HFMR is consistent
with the direction of HOe, the magnitude of
√
2∆HFMR
exceeds HOe for both samples as shown in Fig. 6. This
indicates the presence of an additional current-induced
effective field due to a field-like torque, µ0HFL = 0.20±
0.02 mT per mA for NiFe/Pt and µ0HFL = 0.10± 0.02
mT per mA for NiFe/Cu/Pt. Analogous to θDL for the
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Figure 6. Net current-induced effective field, derived from
resonance field shift ∆HFMR normalized by the field direction
angle | sinφ| = 1/√2. The solid lines denote the estimated
Oersted field.
damping-like torque, the field-like torque can also be pa-
rameterized by an effective spin Hall angle26:
|θFL| = 2|e|µ0MstF
~
∣∣∣∣HFLJc,Pt
∣∣∣∣ . (9)
Eq. 9 yields θFL = 0.024±0.003 for NiFe/Pt and 0.013±
0.003 for NiFe/Cu/Pt, comparable to recently reported
results in Ref. 23.
The ultrathin Cu layer at the NiFe/Pt interface re-
duces the field-like torque by a factor of 1.8± 0.5, which
is in agreement within experimental uncertainty to the
reduction of the damping-like torque (Sec. III B). This
suggests that both torques predominantly originate from
the spin Hall effect in Pt. Recent studies on FM/NM bi-
layers using low-frequency measurement techniques23–25
also suggest that the spin Hall effect is the dominant
source of the field-like torque. Since the field-like torque
scales as the imaginary component of Geff↑↓ (Refs. 3–5),
the Cu dusting layer must modify Re[Geff↑↓ ] and Im[G
eff
↑↓ ]
identically. We estimate Im[Geff↑↓ ] = (θFL/θDL)Re[G
eff
↑↓ ]
to be (2.2± 0.5)× 1014 Ω−1m−2 for NiFe/Pt and (1.2±
0.3)× 1014 Ω−1m−2 for NiFe/Cu/Pt.
Because of the relatively large error bar for the ratio
of the field-like torque in NiFe/Pt and NiFe/Cu/Pt, our
experimental results do not rule out the existence of an-
other mechanism at the FM/NM interface, distinct from
the spin Hall effect. For example, the Cu dusting layer
may modify the interfacial Rashba effect that can be an
additional contribution to the field-like torque2,3,24. Also,
the upper bound of the field-like torque ratio is close to
the factor of ≈2 reduction in damping with Cu inser-
tion, possibly suggesting a correlation between the spin-
orbit field-like torque and the enhancement in damping
at the FM-NM interface. Elucidating the exact roles of
interfacial spin-orbit effects in FM/HM requires further
theoretical and experimental studies.
Table I. Parameters related to spin-orbit torques
NiFe/Pt NiFe/Cu/Pt
θDL 0.087 ± 0.007 0.062 ± 0.005
θFL 0.024 ± 0.003 0.013 ± 0.003
Re[Geff↑↓ ] (10
14 Ω−1m−2) 8.1± 1.2 5.8 ± 0.5
Im[Geff↑↓ ] (10
14 Ω−1m−2) 2.2± 0.5 1.2 ± 0.3
CISHRe[G
eff
↑↓ ] (a.u.) 1.4± 0.2 1
α− α0 0.032 ± 0.001 0.016 ± 0.001
F. Comparison of the dc-tuned and lineshape
methods of ST-FMR
Accounting for the field-like torque, we determine
the effective spin Hall angle θrfDL in NiFe/Pt and
NiFe/Cu/Pt from the lineshape (Eq. 1) of the ST-
FMR spectra at Idc = 0 (Refs. 26, 48–52). The co-
efficients in Eq. 1 are S = Vo~Js,rf/2|e|µ0MstF and
A = VoHrf
√
1 +Meff/HFMR, where Vo is the ST-FMR
voltage prefactor48 and Hrf ≈ βJc,rf is the net effective
rf magnetic field generated by the rf driving current den-
sity Jc,rf in the Pt layer. θ
rf
DL = Js,rf/Jc,rf is calculated
from the lineshape coefficients S and A:
|θrfDL| =
∣∣∣∣SA
∣∣∣∣ 2|e|µ0MstF~ β
√
1 +
Meff
HFMR
. (10)
Fig. 7(a) shows |θrfDL| obtained by ignoring the field-like
torque contribution, i.e., β = tPt/2. This underesti-
mates |θrfDL|, implying identical damping-like torques in
NiFe/Pt and NiFe/Cu/Pt. Using β = tPt/2+HFL/Jc,Pt
extracted from Fig. 6, θrfDL = 0.091 ± 0.007 for NiFe/Pt
and 0.069±0.005 for NiFe/Cu/Pt plotted in Fig. 7(b) are
in agreement with θDL determined from the dc-tuned ST-
FMR method. The presence of a nonnegligible field-like
torque in thin FM may account for the underestimation
of θrfDL based on the lineshape analysis compared to θDL
from dc-tuned ST-FMR as reported in Refs. 54, 55.
IV. CONCLUSIONS
We have experimentally demonstrated that the spin-
orbit damping-like and field-like torques scale with inter-
facial spin-current transmission. Insertion of an ultrathin
Cu layer at the NiFe/Pt interface equally reduces the
spin-Hall-mediated spin-orbit torques and spin pumping,
consistent with diffusive transport of spin current across
the FM/NM interface. Parameters relevant to spin-orbit
torques in NiFe/Pt and NiFe/Cu/Pt quantified in this
work are summarized in Table I. We have also found an
additional contribution to damping at the NiFe/Pt in-
terface distinct from spin pumping. The dc-tuned ST-
FMR technique used here permits precise quantification
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Figure 7. (a,b) Effective spin Hall angle θeffSH,rf extracted from ST-FMR lineshape analysis, disregarding the field-like torque
(a) and taking into account the field-like torque (b).
of spin-orbit torques directly applicable to engineering
efficient spin-current-driven devices.
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APPENDIX A: DAMPING-LIKE TORQUE
CONTRIBUTION FROM TANTALUM
With the same dc-tuned ST-FMR technique described
in Sec. II B, we evaluate the effective spin Hall angle θDL
of Ta interfaced with NiFe. Because of the high resistiv-
ity of Ta, the signal-to-noise ratio of the ST-FMR spec-
trum is significantly lower than in the case of NiFe/Pt,
thus making precise determination of θDL more challeng-
ing. Nevertheless, we are able to obtain an estimate of
θDL from a 2-µm wide, 10-µm long strip of subs/Ta(6
nm)/Ni80Fe20(4 nm)/Al2O3(1.5 nm) (“Ta/NiFe”) . The
estimated resistivity of Ta(6 nm) is 200 µΩcm and that
of NiFe(4 nm) is 70 µΩcm.
Fig. 8(a) shows the change in linewidth ∆W (or
∆αeff ) due to dc bias current Idc. The polarity of
∆W against Idc is the same as in NiFe capped with Pt
(Fig. 4(a)). Because the Ta layer is beneath the NiFe
layer, this observed polarity is consistent with the oppo-
site signs of the spin Hall angles for Pt and Ta. Here
we define the sign of θDL for Ta/NiFe to be negative.
Using Eq. 4 with Ms = Meff = 7.0 × 105 A/m and
averaging the values plotted in Fig. 8(b), we arrive at
θDL = −0.034 ± 0.008. This magnitude of θDL is sub-
stantially smaller than θDL ≈ −0.1 in Ta/CoFe(B)8,12
and Ta/FeGaB60, but similar to reported values of θDL in
Ta/NiFe bilayers41,42. For the analysis of the damping-
like torque in Sec. III B, we take into account the θDL
obtained above and the small charge current density in
Ta. In the Ta/NiFe/(Cu/)/Pt stacks, owing to the much
higher conductivity of Pt, the spin-Hall damping-like
torque from the top Pt(4) layer is an order of magni-
tude greater than the torque from the bottom Ta(3) seed
layer.
APPENDIX B: DC DEPENDENCE OF THE
EMPIRICAL DAMPING PARAMETER
Magnetization dynamics in the presence of an effective
field Heff and a damping-like spin torque is given by the
Landau-Lifshitz-Gilbert-Slonczewski equation:
∂m
∂t
= −|γ|m×Heff+αm×∂m
∂t
+τDLm×(σ×m), (11)
where τDL is a coefficient for the damping-like torque
(proportional to θDL) and σ is the orientation of the spin
moment entering the FM. Within this theoretical frame-
work, it is not possible to come up with a single Gilbert
damping parameter as a function of bias dc current Idc
that holds at all frequencies. However, at Idc = 0 we em-
pirically extract the damping parameter α from the linear
relationship of linewidth W versus frequency f (Eq. 2).
We can take the same approach and define an empirical
damping parameter αW/f as a function of Idc, i.e.
W (Idc) =W0 +
2piαW/f (Idc)
|γ| f, (12)
where we fix the inhomogeneous linewidth broadening
W0 at the value at Idc = 0, which does not change sys-
tematically as a function of small Idc used here. This
approach of setting αW/f as the only fitting parame-
ter in Eq. 12 well describes our data (e.g., Fig. 3(a)).
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Figure 8. (a) Change in resonance linewidth W versus dc bias current Idc in Ta/NiFe at f = 6.5 GHz. (b) Effective spin Hall
angle θDL calculated at several frequencies.
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Figure 9. Empirical damping parameter αW/f as a function of dc bias current Idc.
We show in Fig. 9 the resulting αW/f versus Idc. The
change in αW/f normalized by the charge current den-
sity in Pt is 0.0036± 0.0001 per 1011 A/m2 for NiFe/Pt
and 0.0025±0.0001 per 1011 A/m2 for NiFe/Cu/Pt. This
empirical measure of the damping-like torque again ex-
hibits a factor of ≈1.4 difference between NiFe/Pt and
NiFe/Cu/Pt.
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